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ABSTRACT 
Pre l imina ry  da t a  obta ined  from l i q u i d  hydrogen run  11 is  p resen ted .  
This run  was conducted t o  determine i f  t h e  t u r b i n e  could achieve  
b o o t s t r a p  a c c e l e r a t i o n  d u r i n g  flow i n i t i a t i o n  o f  t h e  n u c l e a r  r o c k e t .  
The p r e s s u r e  r i s e  v e r s u s  weight f low and pump speed a r e  p re sen ted  
t o  i l l u s t r a t e  t h e  degree of  boo t s t r app ing  achieved.  Pressure and 
tempera ture  measurements a r e  a l s o  p re sen ted  a s  a f u n c t i o n  of t i m e  
f o r  s e l e c t e d  s t a t i o n s  and components throughout  t h e  system. The 
run  was made by opening t h e  t u r b i n e  power c o n t r o l  va lve  t o  main ta in  
a speed ramp of  500 r p d s e c  (2Wsec) .  The t a n k  p r e s s u r e  was ma' 
P- . t a i n e d  a t  50 p s i a  throughout  t he  r u n .  INTRODUCTION 
The o v e r - a l l  o b j e c t i v e  of t h e  nuc lear  r o c k e t  s imula to r  t es t s  i s  t o  
s t u d y  system dynamics and component phenomena du r ing  the n u c l e a r  
r o c k e t  i n i t i a l  s t a r t u p  cyc le .  
Some pump performance d a t a  f o r  an a c c e l e r a t i o n  of  100 r p d s e c  (0.4W 
sec )  ob ta ined  i n  run 10 a r e  shown i n  f i g u r e  3 h e r e i n  t o  i n d i c a t e  
behavior  a t  slower a c c e l e r a t i o n  r a t e s  t han  run  11. N o  f u r t h e r  
r e p o r t i n g  of  run  10  i s  contemplated. 
The pr imary o b j e c t i v e  of  run 1 1 w a s  t o  determine i f  t h e  t u r b i n e  
could be boots t rapped  du r ing  f l o w  i n i t i a t i o n  of the s imula ted  nuc- 
l e a r  r o c k e t ,  
t empera ture  o s c i l l a t i o n s  du r ing  system chilldown, t h e  chi l ldown 
h i s t o r y  of v a r i o u s  system components, and low speed turbopump 
c h a r a c t e r i s t i c s .  
Secondary o b j e c t i v e s  were t o  o b t a i n  p r e s s u r e  and 
RESEARCH APPARATUS 
A d e t a i l e d  d e s c r i p t i o n  of t h e  B-1 F a c i l i t y  and t e s t  appa ra tus  i s  g iven  
i n  r e f e r e n c e  1. 
b o o t s t r a p  s t a r t u p  experiment i s  shown i n  f i g u r e  1. For t h i s  experiment 
the t u r b i n e  d i scha rge  l i n e  was reconnected t o  the e j e c t o r  system. 
turbopump package was modified t o  i n c o r p o r a t e  check v a l v e s  i n  t h e  
ba l ance  p i s t o n  b l eed  r e t u r n  l i n e s .  
A schematic  diagram of the complete nuclear  r o c k e t  
The 
L 
+ * e  5 . .  
The t u r b i n e  power c o n t r o l  v a l v e  used i n  t h 5 s  experiment was c l o s e  
lopp c o n t r o l l e d  on turbopump speed employing a p r o p o r t i o n a l  p l u s  
i n t e g r a l  c o n t r o l l e r  t o  c o n d i t i o n  t h e  speed e r r o r  s i g n a l .  The speed 
demand inpu t  s i g n a l  was a s  shown i n  t h e  f i g u r e  below: 
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The speed ramp d2msnd was i n i t i a t e d  BO seconds a f t e r  the  pump d i s -  
charge va lve  was 0Fene.d. This d e l a y  t ime was determined from t h e  
cooldown d a t a  w E z h  i n d i c a t e d  t h a t  t h e  two phase o s c i l l a t i o n s  a t  
t h e  nozzle  i n l e t  had dampened ofit by t h i s  t i m e .  I t  was a l s o  d e t e r -  
mined t h a t  a t  13 seconds t h e  turbopump windmil l  speed was approxi-  
mately 1000 rpm. The i n i t i a l  speed r e f e r e n c e  was s e t  below t h i s  
v a l u e  ( a t  900 rpm) S O  a s  Got t o  s t e p  t h e  t u r b i n e  power c o n t r o l  v a l v e  
open when t h e  va lve  was switched i n t o  automatic  c o n t r o l  a t  9 seconds.  
INSTRUMENTATION 
A complete t a b l i l a t i o n  of a l l  measwement i t e m  numbers and i n s t a l l a -  
t i o n  d e t a i l s  of t h e  nuc lea r  r o c k e t  s i m u l a t o r  i n s t r u m e n t a t i o n  i s  
g iven  i n  re fe rer .ce  1. The measmements t aken  d u r i n g  run  11 a r e  
l i s t e d  and desc r ibed  i n  TabLe 1. The t y p e  of t r a n s d u c e r  used; e . g . ,  
r e s i s t a n c e  thermometers, thermoccuples,  e t c . ,  can be i d e n t i f i e d  from 
t h e i r  i t e m  numbers and t h e  symbol  d e s c r i p t i o n s  given i n  r e f e r e n c e  1. 
The d i g i t a l  d a t a  Tecolndlng systems used i n  r u n  1 1 w e r e  a 4000 c y c l e  
sampling r a t e  d i g i t a 2  system wi th  1 9 2  i n p u t s  and a 10 ,000  c y c l e  
sampling r a t e  d i g i t a l  system w i t h  900 i n p u t s .  High frequency d a t a  
was recorded on FM t a p e  and on v a r i o a s  o s c i l l o g r a p h s .  
An es t imated o v e r - a i l  accuracy f o r  each measuement i s  inc luded  i n  
Table  I .  The accuracy e s t i m a t e s  i n c l u d e  p o s s i b l e  e r r o r s  i n  t h e  
t r ansduce r  c a l i b r a t i o n s ,  d a t a  a c q u i s i t i o n  system and d a t a  p r o c e s s i n g  
system. A d e t a i l e d  djiscussion of t h e  accuracy e s t i m a t e s  of the  
copper cons t an tan  t h e r n s c c t q l e s  i s  given i n  r e f e r e n c e  3 .  
The da ta  p r o c e s s i n g  methods were t h e  Sam2 a s  t h o s e  o u t l i n e d  i n  
r e f e r e n c e  2 .  
3 
TEST PROCEDURE 
A complete d e s c r i p t i o n  o u t l i n i n g  t h e  t e s t  procedure used i s  given i n  
reference 3 .  The fo l lowing  is  a d e s c r i p t i o n  of  t h e  sequence of 
e v e n t s  t h a t  was used t o  o b t a i n  t h e  d e s i r e d  tes t  c o n d i t i o n s  f o r  run 11. 
The automat ic  sequence was i n i t i a t e d  when t h e  nozz le  e x i t  p r e s s u r e  
reached  3 p s i a .  
used f o r  run  11 a r e  shown i n  Table 11. A t  t = 25 seconds from the 
t i m e  t h e  au tomat ic  sequence w a s  i n i t i a t e d ,  t h e  t a n k  p r e s s u r e  was 
ramped t o  35 p s i g .  A t  t = 45 seconds, the pump main d i scha rge  va lve  
was opened wi th  a 1 second ramp. 
i s  i n i t i a t e d ,  a command s i g n a l  is g iven  t o  t h e  v a r i o u s  d a t a  r e c o r d i n g  
d e v i c e s  t o  i n d i c a t e  ze ro  t ime f o r  f low i n i t i a t i o n  t o  the system. A l l  
f i g u r e s  i n  t h i s  r e p o r t  which have a t ime s c a l e  use t h i s  s i g n a l  a s  a 
z e r o  r e f e r e n c e .  
The impor tan t  even t s  of the automat ic  sequencing 
A s  t h e  pump main d i scha rge  va lve  
A t  t = 55 seconds from the t i m e  the automat ic  sequencer  was i n i t i a t e d ,  
the t u r b i n e  power c o n t r o l  va lve  was opened t o  main ta in  a p r o g r a m e d  
speed ramp of 500 rp rdsec .  
w e i g h t  f low would r e a c h  a predetermined maximum va lue  of  25 lbs/sec, 
the speed demand ramp s i g n a l  would be te rmina ted ;  and the s i g n a l  would 
be  maintained a t  t h e  l a s t  va lue  it had a t t a i n e d .  (The pump weight 
f low and p r e s s u r e  d i f f e r e n t i a l  were a l s o  monitored on an  X-Y p l o t t e r  
d u r i n g  t h e  tes t .  If t h i s  X-Y p l o t  would i n d i c a t e  a deep pump s t a l l ,  
the r e s e a r c h  engineer  could i n i t i a t e  shutdown.) 
If dur ing  t h e  t es t ,  t h e  monitored pump 
RESULTS AND DISCUSSION 
System Performance 
Although t h e  d a t a  p re sen ted  i n  t h i s  r e p o r t  i s  p re l imina ry ,  t h e  tes t  
v e r i f i e d  t h e  b o c t s t r a p  c a p a b i l i t y  o f  a nuc lea r  r o c k e t  engine  system. 
I t  i s  t o  be emphasized t h a t  the hea ted  gas  powering t h e  t u r b i n e  was 
ob ta ined  s o I e l y  by h e a t i n g  t h e  l i q u i d  hydrogen, u s ing  t h e  l a t e n t  h e a t  
of t h e  major components of  t h e  sys tem.  
A t  approximately 20 seconds,  t h e  t u r b i n e  power c o n t r o l  va lve  w a s  on ly  
open 34% of i t s  maximum value ,  i n d i c a t i n g  ample power was s t i l l  
a v a i l a b l e  a t  t h i s  t i m e .  I n  an a c t u a l  s t a r t u p ,  t h e  r e a c t o r  power could 
have been inc reased  a t  any t i m e  between 5 l b s / s e c  and approximately 
1 5  lb s / sec .  f low.  
A t  approximately 23 seconds,  a pump weight f low of 25 l b s / s e c w a s  
reached and t h e  speed demand was h e l d  a t  7600 rpm. 
A t  approximately 24 seconds (26 lb s / sec  LH2 f low) ,  t h e  system was 
c o o l i n g  down ve ry  r a p i d l y  and could n o t  main ta in  t h e  7600 rpm 
speed demand. 
maximum value ,  b u t  it c i n  b o o t s t r a p  a c c e l e r a t i o n .  
The t u r b i n e  power c o n t r o l  va lve  began t o  open t o  i t s  
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A 
Pressu res  a t  ma.ior s t a t i o n s . -  The t ime h i s t o r y  o f  s t a t i c  p r e s -  
s u r e s  a t  major i n s t rumen ta t ion  s t a t i o n s  throughout  t h e  system a r e  
shown i n  f i g u r e s  6 through 1 6 .  These f i g u r e s  a r e  r e p r o d u c t i o n s  o f  
the  1 0  KC d i g i t a l  compxter p l o t s .  These d i g i t a l  p l o t s  show the 
o v e r - a l l  l e v e l  of  t h e  p r e s s u r e  and the magnitude o f  t h e  low f requency  
o s c i l l a t i o n s  du r ing  the  r u n .  High frequency o s c i l l a t i o n s  i n  t h e  
s t a t i c  p re s su res ,  which occurred  d u r i n g  t h e  f i r s t  30 seconds,  a r e  
shown i n  f igure  4.  These high f requency  o s c i l l a t i o n  p l o t s  a r e  
recorded  o s c i l l o g r a p h  t r a c e s  o f  d a t a  from FM t a p e s .  The n o i s e  on 
the  nozzle  i n l e t  manifold s t a t i c  p r e s s u r e  on f i g u r e  4 i s  a t t r i b u t e d  
t o  t he  data  r educ t ion  system. 
I n  genera l ,  a l l  p r e s s u r e  o s c i l l a t i o n s  o f  any consequency were 
damped out be fo re  t u r b i n e  power was a p p l i e d .  Applying t u r b i n e  power 
d id  not  i n t roduce  any new s e v e r e  p r e s s u r e  o s c i l l a t i o n s .  The ampli-  
t u d e s  o f t h e  o s c i l l a t i o n s  seemed t o  be a t  a maximum a t  the nozz le  
i n l e t  manifold and seem t o  be  damped upstream and downstream from 
t h i s  s t a t i o n .  A l l  o s c i l l a t i o n s  were n e g l i g i b l e  a t  the end o f  t h e  run  
Temperature a t  ma,jor s t a t i o n s . -  The t ime h i s t o r y  o f  f l u i d  temper- 
a t u r e s  a t  major i n s t rumen ta t ion  s t a t i o n s  throughout  the system a r e  
shown i n  f i g u r e s 1 9  through 28.  These f i g u r e s  a r e  r ep roduc t ions  of  
the 10  KC d i g i t a l  computer p l o t s .  High f requency  o s c i l l a t i o n s  of  
f l u i d  temperature  recorded  on FM t a p e s  a r e  shown i n  f i g u r e  1 7 .  The 
n o i s e  on t h e  p l o t  o f  r e f l e c t o r  e x i t  manifold f l u i d  tempera ture  i s  
a t t r i b u t e d  t o  t he  d a t a  r e d u c t i o n  system. 
I n  gene ra l ,  th2 e f fec t  o f  b o o t s t r a p p i n g  i s  t o  lower the temper- 
a t u r e  of  t h e  downstream s t a t i o n s  more s a p i d l y .  I n  chi l ldown r u n  6 
(where t h e  t ank  p r e s s u r e  i s  t h e  same a s  r u n  11), t he  nozz le  chamber 
s t a t i o n  i n d i c a t e d  l i q u i d  hydrogen tempera ture  i n  about  50 seconds.  
I n  r u n  11, t h e  nozz le  chamber s t a t i o n  recorded  l i q u i d  hydrogen 
tempera tures  i n  about  2 5  seconds.  
The o s c i l l a t i o n s  i n  t h e  f l u i d  tempera ture  a t  the pump d i scha rge  
and nozzle  i n l e t  manifold s t a t i o n s  a r e  due t o  two-phase flow. 
Svstem p r e s s u r e  and tempera ture  p r o f i l e s .  - A c r o s s  p l o t  of t h e  
s t a t i c  p re s su re  a t  v a r i o u s  s t a t i o n s  i n  t h e  system a t  s e v e r a l  s e l e c t e d  
t imes  i s  shown i n  f i g u r e  5. A cross  p l o t  of t he  hydrogen f l u i d  temper- 
a t u r e  a t  v a r i o u s  s t a t i o n s  a t  s e l e c t e d  t imes  i s  shown i n  f i g u r e  18 .  
Component Performance 
Turbopump.- The s t a r t u p  and b o o t s t r a p  h i s t o r y  o f  r u n  11 i s  shown 
on t he  p l o t  of  pump d i f f e r e n t i a l  p r e s s u r e  versus  weight flow, f i g u r e  2 .  
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The informat ion  f o r  t h i s  p l o t  xas  ob ta ined  from t h e  10 KC da ta  system 
and was p l o t t e d  a t  one second i n t e r v a l s .  F igure  2 shows t h a t  the 
system load  l i n e  followed by the  turbopump was w e l l  o u t  of  t h e  s t a l l  
a r e a .  This  load  P i n e  can be compared wi th  t h e  load  l i n e  ob ta ined  
i n  run 10,  f i g u r e  3 .  ( R u n  PO was s i m i i a r  t o  run 11 w i t h  t h e  excep- 
t i o n  t h a t  i n  run  10  the speed ramp was 200 r p d s e c  wh i l e  i n  run 11 
t h e  speed ramp was 500 r p d s e c , )  I n  each case ,  t h e  e s t ima ted  s t a l l  
l i n e  p l o t t e d  was based upon normalized t e s t  d a t a  obta ined  from t h e  
turbopump manufacturer .  Daring r.un 11, t h e  turbopump reached a 
maximum speed o f  7570 rpm wi th  no evidence of  mechanical problems. 
The pump performance d w i n g  windmi l l ing  s t a r t u p  was s i m i l a r  t o  
t h e  d a t a  ob ta ined  i n  cooldown ran 6 ( r e f e r e n c e  3) .  F igu res  29 and 
30 show p l o t s  o f  t7mbop*mp speed and weight flow v e r s u s  t ime a s  
ob ta ined  from t h e  10 KC d i g i t a l  r e e c r d i n g  systems. F igu res  4 and 
17 show high f recpency  da ta  from FM t a p e s  of turboprrmp speed and 
weight  flow. 
Inc luded  i n  t h i s  r e p o r t  a r e  p l o t s  of  the t u r b i n e  parameters  
ob ta ined  from 10 KC d i g i t a l  r eco rd ing  systems. F igures  14 and 15 
i l l u s t r a t e  the t u r b i n e  i n l e t  and o u t l e t  s t a t i c  p r e s s u r e s  v e r s u s  
t i m e  . 
Figure  3 1  i l l u s t r a t e s  t h e  10 KC d i g i t a l  p l o t  o f  the t u r b i n e  
i n l e t  flowmeter ve r sxs  t i m e .  Turbine mass f low ie t h e  product  o f  
the d e n s i t y  o f  t h e  t u r b i n e  gas  and t h e  volumetr ic  flow through the 
flowmeter.  From the pe r iod  t = 27.7 seconds t o  t = 28.4 seconds,  
the ou tpu t  from t h e  flaxmeter was l i m i t e d .  n u s ,  t h e  p l o t  i n  t h i s  
range  g i v e s  e r ronecus  v a l z e s  of  mass flow. FigiJre 3 2  shows t u r b i n e  
power c o n t r o l  va lve  p c s i t i o n  versus  t i m e .  
Pump d i scha rge  p i p e  .- The ; .ariation of  p i p e  w a i l  t empera ture  
w i t h  time a t  S t a t i o n  C i s  presznted  i n  F i g w e  3 3 .  Unl ike  p rev ious  
runs, t h e  tempera ture  i n d i c a t e s  a s t e a d y  drop t o  l i q u i d  tempera ture  
i n s t e a d  of a l e v e l i n g  oEt f o r  a pe r iod  of tfme a t  a tempera ture  
about  10O0R. 
Nozzle.- N o z z h  x a l l  temperaterres v e r s u s  t i m e s  a r e  p l o t t e d  i n  
figures 34 and 35. A t ime h i s t o r y  of  s t a t i c  p r e s s u r e  i n s i d e  the 
nozz le  e x i t  b e l l  and t h e  v i b r a t i o n  load  a t  the nozz le  i n l e t  manifold 
i s  pLotted i n  f i g u r e  36. 
R e f l e c t o r . -  Fig-ares 37 and 38 a r e  p l o t s  of  t h e  dynamic p r e s s u r e  
v e r s u s  t i m e  and f k c i a  t empera t -ne  ve r sus  t i m e  f o r  v a r i o u s  s t a t i o n s  
a t  t h e  r e f l e c t o r  o u t l e t .  The r e l a t ive  cooldown of t h e  v a r i o u s  compo- 
n e n t s  of  t h e  r e f l e c t o r  a r e  presented  i n  f i g u r e s  39 t o  43. The tempera- 
tures p resen ted  a r e  averages  of t he  r e p r e s e n t a t i v e  t empera tu res  of 
each component p l o t t e d .  
6 
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Core.- The r e l a t i v e  cooldown of the co re  modulus and f u e l  e l e -  
ments i s  presented  i n  f i g u r e s  44 and 45. 
a r e  averages of  m a t e r i a l  t empera tu res  down the l e n g t h  o f  a module 
and a f u e l  element a t  the c e n t e r  of t h e  r e a c t o r .  A c r o s s  p l o t  of  
m a t e r i a l  t empera tures  v s .  l e n g t h  a t  s e l e c t e d  t imes du r ing  t h e  r u n  
f o r  a f u e l  element i s  p resen ted  i n  f i g u r e  46. A c r o s s  p l o t  of  s t a t i c  
p r e s s u r e  a long  t h e  l e n g t h  of  a f u e l  element i s  p r e s e n t e d  i n  f i g u r e  47. 
The t empera tu res  p re sen ted  
Nozzle Chamber.- F igu re  48 i l l u s t r a t e s  the f l u i d  tempera ture  
a t  t h e  nozz le  chamber v e r s u s  d i s t a n c e  from t h e  c e n t e r l i n e  o f  t h e  
chamber f o r  v a r i o u s  t imes du r ing  the  run .  
CONCLUDING REMARKS 
From a review o f  t he  d a t a  p re sen ted  i n  t h i s  r e p o r t ,  it appea r s  t h a t :  
1. The t u r b i n e  maintained b o o t s t r a p  opera t iDn d u r i n g  
the f low i n i t i a t i o n  of t h e  n u c l e a r  r o c k e t .  
2 .  No s i g n i f i c a n t  o s c i l l a t i o n s  were in t roduced  d u r i n g  
the b o o t s t r a p  o p e r a t i o n .  
3 .  The t e s t  v e r i f i e d  t h e  b o o t s t r a p  c a p a b i l i t y  of  a 
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